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ABSTRACT 


Major materials findings obtained during LDEF post-flight investigations over the past 
three and one-half years are reported. The summary of findings to date includes results for thermal 
contiol coatings, thin polymeric films, composites, metals, adhesives, contamination and 
environments definitions. Reaction rates of selected materials exposed to atomic oxygen are 
presented. Results useful for model verification and comparison with ground based facility data 
are specifically highlighted. Potential areas for future work are described. In conclusion, a 
lationale for a second long term flight experiment is presented. 


INTRODUCTION 


T*“ Materials Special Investigation Group (MSIG), formed by NASA to direct the analysis 

^ ™ rfnpT T g ? Uiati0n EXP ° SUre Fadlity (LDEF) ’ has su PP orted numerous activities 
since the LDEF retneval in January 1990. These efforts have included materials analyses 

contamination analyses, and definition of the specific LDEF environmental exposure. This 

exposure over 5.8 years was dominated by ultraviolet radiation (UV) effects at the beginning of the 

Eartho^hM 1 ff °I ? Cayed nCar thC Cnd ° f thC missi0n ’ at0mic ox y8 en < A0 > dominated The low 
ih oibital effects. Examinations have confirmed the expected performance of selected materials 

and demonstrated that effects on passive thermal control systems are quite dependent 
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upon the exact exposure sequence. The LDEF materials database has supported some miportant 
conclusions about engineering uses of selected paints, coated composites, thin poly me. ic Jilms. 
adhesives, seals, lubricants, and metals in long term LEO exposures. Detailed reviews ot these 
investioations have been presented at the first three LDEF post-retrieval symposia bets. 1-3) and 
two materials workshops (refs. 4-5). Comprehensive reports on these same subjects a.e nea. e 

completion. 

Current (as of November 1993) results of studies of thermal control paints, silvenzed 
Teflon™, thin polymeric films, composites, adhesives, lubricants, composites, anodized 
aluminum «lassy ceramic materials, and effects of contamination on the performance of certain 
ma,™ Summarized in .his paper. This work includes recession rate determ,, rat, ons o some 

thin polymeric films, silvenzed Teflon, and composites, embrittlement and/or darkening ot the. mal 
control materials under solar exposure, and deposition and subsequent darkening ot a num ei 
contaminant films. Some evaluations are extensive and quantitative enough to provide baselines 
for comparison with ground-based exposuie lesults. 

In addition to the extensive investigations already completed, there are still several areas 
with the potential for providing useful information. Examinations of changes in the thin b.nde. 
layer in the A-V6 paint buttons subsequent to UV exposure will provide information on polymei 
breakdown mechanisms, structural changes with depth, and Cues for manufacturing mherenrty 
resistant materials. Selected SI 3G/LO samples may also be studied in the same manne . U 
induced changes in the resin systems of composite materials, Kapton. and Mylar are othei subject 
which have not been examined in detail. The contamination deposition around vents near selected 
outclassing sources, and inside the canisters which opened m stages may be compaied to exist., g 
contamination models. This activity would require additional analyses to define the amou . 
nature of the surface deposits in these areas. 


ENVIRONMENTS 

The values for atomic oxygen and solar U V fluences around the LDEF are reproduced in 
f,.ure 1 These values include the integrated fluence over all portions ot the flight, including 
brief exposure in the orbiter cargo bay after retrieval. Detailed information regarding other 
exposure environments, thermal cycling, meteoroid and space debits impacts and [«« l 
radiation are found in reports and papers (refs. 6-8) produced by other spectal tnvesttgatton 

groups. 


OBSERVED MATERIALS EFFECTS 


White thermal control paints with organic binders retained their optical pioperties * 1 
combined atomic oxygen and UV exposure. However, as the organic bindei was eioded by . 
the mechanical integrity of the paint was lost. Trailing edge A-276 specimens, mainly exposed 
solar UV and thermal cycling, had a darkened thin outer layer of binder. Specimens taken tiom 


540 


trailing edge locations on the LDEF and reflown on the Evaluation of Oxygen Interaction with 

T the STS - 46 shutt,e fli§ht partial,y ™ d ^ Sow 

aosoiptance as the damaged binder layer was eroded by atomic oxygen. Exposure to atomic 
Dainfs r ‘ Simultane °“? Wlth ’ 0r foIIowin §’ solar UV-induced darkening of low absorptivity organic 
expected SLVpI.r'*' 1 abSOip ' 1V ' ,y leadin 8 10 lifetimes much greater that, 

SHG/I oTTTT-T P aint s P ecimens remained white under AO and UV exposure, while the 
hh ?riA d daitened ’ hmiting ,ts P erfo 'reance lifetime as the absorptance increased The 

a“ a V6 P 7 TT “ S ° PtiCal Pr0perti£S bu ' '« i"^gri,y in .Ketme manner 

, 76 n ,;„r h ,n,„ ? Iocatlons on lhe lead '"g edge the ring of Z-306 su [rounding the white A- 

- 6 paint buttons was almost completely removed. Z-302 on the leading ed^e lost binder and 

pigment essentially down to the substrate. This material retained its absorptance; however it 
bee me diffiise and the emittance was reduced, thus limiting the use of this material fo. thecal 
control applications in an AO environment. 

Silverized Teflon 

AO 178 a ?dVfS) 4 n j ayer ° f thC n ° minall y 5 ^ thick thermal control blankets used on the 

as a result nf th' x P enment ^ recessed under atomic oxygen exposure. Optical property changes 

a result of this exposure include an increase in the diffuse component of the reflectance but no 
ange m either solar absorptance or infrared emittance. Specimens from the trailing edo e blankets 

? Zt dc° g H 7 r ° PtiCal Pr0peities but did show considerable embrittlement as'evidenced 
by the,, decreased elongation and ultimate tensile strength values in comparison with leadi^ ed'e 
unexposed, and ground control specimens. g ge ’ 

space end d on S1 nFF aCked h T** Sf!® n tape USed 0n the M0001 experiment, located on the 
_? • k DEF ’ U 7f ed 3 ° ng 3 90 bend Where the fasten ed multi-layer insulation to the 

aluminum substrate. These failures, shown in figure 2, were most likely cauled by the mpeated 

thermal cycling coupled with the associated mechanical motion. The tape was bonded without anv 

t~boi?to ss relie H a , nd the uv embrittiement ,owered the of th ztiTzz 

du^UV exposure Tea TT ?' ^ ^ 3 ’ increased in solar absorptivity 

ia r ™ s a,iowed ,he “ » p - 

ye and collect under the FEP layer, where it was darkened by the solar exposure. 

Polymeric Films 

J bin P^yreeric films exposed on leading edge locations were eroded significantly and often 
removed completely under combined AO, solar UV, and thermal cycling exposure The recesstn 
“ h causec I failure of the film materials and loss of its engineering function Failed 

allowed ihe" mS P “ ced s 'S" ,f,can ' Pfdiculate contamination as the loss of the polymer layer 
allowed the vacuum deposited metals to dispe.se. Films or coatings which contained inert particle 
fillers were damaged less severely under the same exposure conditions. Thts mles ha, the 
performance I, femes of some films may be extended by the atomic oxygen shield n« eft* of inert 
part, cles. Pure organ, c polymeric films have erosion rates which are linear with exposure to a om e 
oxygen. This means that the lifetime and performance of such materials is relatively predictable 
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Recession rates for Kapton and FEP Teflon, as determined by profilometry, cross-section 
photomicrographs, or weight change, are given in Table 1 . 

COmPO Uncoated composite materials eroded under atomic oxygen attack. The organic resins 
eroded faster than the fibers. Carbon fiber composite erosion rates approached the eiosion .ate o 
carbon as the outer resin layer was removed. Recession rates for selected composites are given in 
Table 1 The recession rate values are averages, since the resins react taster than th ^ ^bon hbe.s. 
Fiberglass composites became self-protecting as the reactive resin portions were eroded away, 
exposin' 1 the inert glass fibers. As expected, coated composites retained then mecham 
properties even when the coatings were degraded over a range of AO and UV exposures. T 
coathigs of nickel, Si0 2 , and paints all protected composites effectively; no emsmn of ^ ^ f 
composites was observed except at meteoroid and space debris impact sites. The si 
these observations is that light-weight composite structures with thin coatings may be used to. 
noTc"! critical LEO applications. Use of such structures in a comamtnauon-sensmve 
application would be dictated by the properties of the coating mateual. 

Lubr, cants materials on LDEF were shielded from atomic oxygen and 

UV radiation and only exposed to vacuum and thermal cycling. Most adhesives used on the L 
worked well and post-flight peel strengths were similar to those for contiol specimens. 

LDEF experience verified the use of adhesive tapes for non-structural spacecraft applications se 
of Velcro™ was also verified as an easy method to attach and detach hardware. All Velc.o used 
LDEF remained functional, although the Dacron thread used to attach Velcro on expei iment S - 
faded du^to^ atomic oxygen attack DC6-1 104 RTV adhesive was used success u y to bond 
Velcro^o aluminum and to Z-306 painted blankets. Acrylic adhesive used with UV transpaient 
materials darkened with no change in functional properties. For lubricant matei mis used on 
fostenei s, die^ performance was a materials usage issue. The lubricant must be easily selected it 

on-orbit cycling is required. Silver plating and MoS 2 on bolts pievented galhn c (i 

Chromic Acid Anodized Aluminum IPn 

Chromic acid anodized (CAA) aluminum was virtually unchanged by exposuie to L 

conditions This material showed only a slight increase in absoiptance at trailing ed c e locatio , 
SET <0 contamination films. CAA aluminum has good potential Qn £anh 

nnnlications Black chromium plated aluminum, used on experiment A0076 (tiay F9) and on ta 
2? 1 “holed large variations in post-fiigh, optical properties. Much of this variation svas 
associated tvith complex exposure histories, such as shielding by the Earth end SU PP°" 
failed aluminum film folding over onto the chromium plating. Figure 4 shows an on-oibi 
phertograph of experiment A0076 and a post-flight close-up of the black chrome plated solar 

collector. 

Certain metals were affected by the long term exposuie to LEO. Atomic oxy c en and 
thermal cycling-induced mechanical stress played major roles in the magnitude ot degradation 
Thin films of aluminum and tantalum failed under thermal cycling. Leading edge coppe. sti ap. 
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darkened, and the absorptance increase correlates with atomic oxygen tluence The oxidation is 

~a srr“ sureive if used ba,e as an « 

opetate at a h ghe, temperature over t, me. Bare 606 1-T6 aluminum remained significantly 

t scoloted telattve to anodized aluminum under both high UV and high AO exposures. 

Glassy Ceramics 

.tj i q ' aS , Sy ceramics used as milTor coatings increased in film density with reduction in 
Archness when exposed to AO and solar UV. SiO was converted to S,Oa. and M»F, surfaces lost 
uottne. These materials had small decreases in solar reflectance. Detects were noted in materials 
o„ !hei We '? "? “ mp ' etely oxidized Coad ngs for solar mitrora must be selected carefully based 
“hickness S ° X ' diZed a " d ,heir suscc P' ibil 'iy m densification and reduction in film 


CONTAMINATION 

no,f i C ' 0ntaminat,on was P resent in both particulate and molecular form. A wide variety of 
paniculate contaminates were observed on the LDEF. The distribution of particles include 

contentions trom pre ‘ fl, S ht - 0 "-oitit, and post-flight exposures. Debris from failed materials or 

sScinc area's The' re, tc > Relocations during flight, causing large and unpredicted effects in 
p P • , ' ‘ tians POrt mechanisms tor this particle movement are not well understood 

Part culate debns preferentially collected in the LDEF wake. Aluminizations on thin Mylar and 

eroded* away. Cre3ted S ‘ Sn ' fiCant Pai1ieUla ' e c ° ntami " a * io " ^ ^ polymeric material completely 

Contamination films are common to all materials. Such films may particularly affect short 

AOerosktnor C ° maminams may oxidize md “ a sacrificial material to 

,mn ,h Ph> > " bloek oxy S en access t0 substrate material. This may be temporary 

urn, I the contaminant is oxidized to a volatile species and evaporates, or it may have Ion* term 

eond r” rre leac ' l0n P roducl - such as SiO x . is not volatile under the particular flight 

LMF incl' H m ° n ’’ f°" taminant layCTS Ponced from multiple local sources on 

on tt interior Of me i nFF al , en ° s,rucu "' e retlectors - 2) ,he u " baked Z- a 06 P ai "' used 

on the mteiioi of the LDEF structure, and 3) several organic and silicone based materials used on 

o, as part of various experiments. The potential sources and the associated deposited films were 

subjected to the full range of LDEF exposures depending on their location. The influences of such 

exposure Thlre'are l and D pr0pei1ies ' n V with s 'l'™ne and hydrocarbon sources and 
posuie. There are a number of competing post-deposition processes which either fix material in 

place oi remove material. Such processes may form films through UV induced reactions which 
da, ken and attach material firmly to the substrate or AO oxidation to non-volatile products 
Oxidized film layers may also trap materials, allowing subsequent UV darkening of underlying 
contaminant layers. Silicon was detected a, many locations on LDEF bu, appeanl always £ 
associated with a localized source. ^ 
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MODELING OF SPACE ENVIRONMENT EFFECTS 

Figures 5 and 6 show .he atomic oxygen fluence vs. lime as a percent of a,ld 

, , ‘ „ f incidence an»le The observations of the condition ot materials on LDEF are 

as a fiinsTion * spacecraft experienced over half its oxygen fluence in the last six 

lifetimes are influenced not only by the exposures 

buuhe sequence of exposures. The thermal ve.oeity ^"^^^X^ls 
10) LDEF datah available in sufficient amounts to verify atomic oxygen exposu.e. U 

n “inTof RTV siiicones. Z-306 paints, and hea, shrink tubing have been measured. 
Thermal models of the entire spacecraft and selected surfaces have been earned out tiet. 6). 

T nFF results allow for many benchmark comparisons with ground-based test facilities. 

DimensS to ZZ composite laminates due to moisture ou, gassing ,n vacuum were 

, ,, - t u i r»FF flight for the first ^70 days and in the laboratory (let. -)• 

measured both during the LDEF flight 101 me - * specimens Atomic 

laboratory,* a Mcm^Car^^ for predicting undercut cavities and atomic oxygen 

scattering. 

Further investigation of simulated space environment, particularly synergistic effects is 

contaminants on substrates; and specularity changes in matenals. 

RATIONALE FOR FUTURE FLIGHT TESTING 
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materials must be qualified where current materials do not suffice. Demonstration of hardware 
pe ormance identifies any concerns in the development stage and increases the reliability of the 
spacecraft and its systems. In addition to these program needs, there are supporting technical 
reasons for flight testing. These included developing the environmental monitoring capability and 
hardware performance sensors to better define refurbishment schedules, eliminate unnecessary 
maintenance, and give forewarning of developing hardware or material problems Flight 
demonstrations increase the reliability of spacecraft in-service and verify ground-based tests. 

ig t testing reduces the uncertainty ranges on the engineering design models, leading to increased 
confidence in the design parameters and reducing risk of performance failure. 

Technical considerations for long term test flights include active monitoring of the 
spacecraft temperatures and ambient environments, and obtaining time-resolved data to separate the 
ground and on-orbit effects. A polar or near-polar orbit would provide a much higher particulate 
radiation exposure than was received by the first LDEF, allowing evaluation of materials and 
systems performance in a new environmental regime. A second extended duration flight would 
take advantage of a new generation of candidate materials for use as coatings, structural materials, 
seals, adhesives, optical ports, lubricants, antennas, and communications hardware. 

Investigations would focus on determination of degradation mechanisms, their temperature 
dependence, specific exposures, performance characteristics under selected varying environments 
and the time dependence of property changes. Verification of models for contamination and space 
ebns are high priority items. On-orbit testing would also define acceptable exposure sequencing 
or combined effects ground based testing. A long term flight test would also qualify accelerated" 
testing methodology for both on-orbit and ground applications. 
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Table 1. Atomic oxygen induced recession rates. 


Composites 

R e (10"24 cm^/atom) 

T300/934 

(Graphite/Epoxy) 

0.56-1.12 

Gr/P1700 

(Graphite/Polysulfone) 

1.05 

Gr/Bismaleimide 

1.26 

Thin Polymeric Films 


Ag/FEP 

0.34 

Kapton"**M 

(Space end-Grazing 
angle incidence) 

1.75 



RAM 

DIRECTION 


3-56E+21 7.22E+19 

5.61E+21^T row ^^2- 92E+17 

"row 12 Row^%v 1 .54E+1 7 

11 1 % 

8.43E+21 W RnJw* 54E+17 

Row R ? m 

10 \1.43E+17 


7.27E+21 


9.02E+21 



Row Earth End: 3.33E+20 

9 Space End: 4.59E+20 3 



7.15E+21 


9/29/92 


5.45E+21 

3.39E+21 

1.16E+21 4.94E+19 



1.32E+17 

2.66E+03 


Row 
4 

2.31 E+05 

Row 

Row 5 

9.60E+12 
7.33E+16 


.84E+08 


ATOMIC OXYGEN FLUENCES (ATOMS/CM ) AT END OF MISSION , 

atomic oxygenjjlu EXpos \j RE during retrieval 
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CUMULATIVE EQUIVALENT SUN HOURS EXPOSURE AT END OF MISSION 

Figure 1. Mission atomic oxygen and solar exposures for LDEF. 
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Figure 2. Failure of adhesive backed silverized teflon tape on M0001 experiment 
located on space end of LDEF. r 
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Figure 3. Ag/FEP bonded to rigid aluminum substrate on experiment 
AO069 located on tray A9. 
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Figure 4a. On-orbit photograph of experiment AO076 showing failed aluminum 
turn folding over chrome plated solar collector. 
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Figure 4b. Post-flight photograph of black chrome plated solar collector 


552 


THERMAL MOLECULAR VELOCITY 



Figure 5. Atomic oxygen fluence as a function of angle of incidence. 



Figure 6. Percent cumulative atomic oxygen fluence as a function of exposure time. 
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